In this study, numerical calculations are performed to investigate steady, laminar convective heat transfer characteristics in rectangular micro channel heat sinks under constant heat fluxes. The investigations are performed at three different inlet Reynolds numbers (400,600 and 800) and constant heat fluxes (500, 1000 and 2000 kW/m 2 ). The aspect ratios of the rectangular micro-channel are selected 1, 1.5 and 2 in the laminar flow regime, respectively. Heat transfer enhancement is the main objective of the study. Nusselt number variation and the pressure drops are found for the given parameters to find the best heat transfer enhancement. It is found that a micro-channel heat sink with square cross-sectional area can be used as an adequate configuration under laminar flow conditions.
Introduction
Fluid flow in micro-and mini-channels has been studied by a many researchers over the years. The studies concerning micro-fluidics and micro-scale heat transfer gained popularity among researchers in last decades. To be able to developed the compact systems and reduced material costs the micro-scale configurations need to be designed effectively according to corresponding engineering objectives. Kandlikar [1] classified the micro-and mini-channels by their hydraulic diameter. The micro-and mini-channels have a hydraulic diameter in the range of 50-600 µm and 600-3000 µm, respectively. Peng and Petersen [2] investigated single-phase convective heat transfer in micro-channels with various geometric shapes and hydraulic diameters which were found to be an important factor on heat and fluid-flow characteristics. Hetsroni et al. [3] investigated micro-scale heat transfer studies available literature for different hydraulic diameters of circular, rectangular and trapezoidal in the range 101-4010 µm and showed that heat transfer coefficients strictly depend on the shape of the micro-channel and Re numbers. Naphon and Khonseur [4] studied micro-scale heat transfer and pressure drop under the constant heat fluxes and investigated the effects of Reynolds number, aspect ratio and roughness on heat transfer coefficient and pressure drop. They showed that roughness irregularities oh microchannel walls play a significant role on the heat transfer enhancement and pressure drops. Gunnasegaran et al. [5] investigated heat transfer in micro-channel heat sinks numerically for 3-D, steady-state and incompressible water flow using heat sinks of different geometrical shapes and concluded that the smallest hydraulic diameter revealed better performance in terms of heat transfer.
Elshafei et al. [6] investigated pressure drop and convective heat transfer in corrugated microchannels experimentally. Experiments were performed by a constant wall temperature in the laminar flow range and they showed that the friction factor increased with the increasing channel pitch. Qu and Mudavar [7] studied micro-scale conjugate heat transfer and pressure drop for water flow in micro-channel heat sink experimentally and numerically. They found that higher Reynolds numbers are beneficial at reducing both the water outlet temperature and the temperatures within the heat sink, alas at the expense of greater pressure drop. Wang et al. [8] investigated the influence of geometric parameters on flow and heat transfer performance of micro-channel heat sinks. They used micro-channels with different cross-sections and solved conjugate heat transfer and tested the effect of aspect ratio on thermal resistance and heat transfer coefficient. The thermal resistance and pressure drop of rectangular micro-channel heat sink were affected by the channel number.
Sahar et al. [9] carried out CFD analyses to investigate effects of aspect ratio and hydraulic diameter on heat transfer and fluid-flow using constant heat flux from bottom wall and isolated upper wall as thermal boundary conditions. They found that the heat transfer coefficient was not affected by the aspect ratio while Nusselt number increased with the increasing hydraulic diameter. They also showed that the friction also increased with increasing hydraulic diameter. Sahar et al. [10] investigated micro-scale conjugate heat transfer for a single-phase flow both numerically and experimentally. They showed that the 3-D thin-wall simulation showed excellent agreement with the experimental data while 3-D full conjugate model demonstrated significant deviation compared to experimental data due to conjugate effects.
In this study, we investigate the effect of aspect ratios of the micro-channel, the inlet Reynolds numbers and heat fluxes on Nusselt number under laminar flow conditions and conjugate heat transfer. It is found that the inlet Reynolds number has a more dominant effect on increasing the Nusselt number compared to the other parameters.
Materials and Method

Geometry and Mesh
The configuration of the micro-channel heat sink is shown in Figure 1 . In this configuration, the micro-channel cross-sectional area is rectangular where Wc and Hc represent the width and height of the cross-sectional area, respectively. In this study, three different aspect ratios of the crosssectional area are selected 1,1.5 and 2 that are represented by
The dimensions of the micro-channel heat sink are given in Table 1 [7] where W, H and L represent the width, height and length of the micro-channel heat sink, respectively. To obtain robust and reliable computational results intensive mesh independency tests are performed for different number of element. During calculations, temperature and pressure differences between the micro-channel inlet and outlet monitored. The pressure drop is assumed to be an indicator of mesh independency. As Figure (3a) shows a mesh consisting of nearly 2.5 M elements is found to be sufficient to carry out CFD calculations. The dimensions of the benchmark case are given in Table 2 and taken from [7] . After mesh independency numerical validation is carried out using the formerly determined mesh of the benchmark micro-channel heat sink to compare Nusselt number. As Figure (3b) shows there is a satisfactory agreement between our numerical results and experimental data by Qu and Mudavar [7] . In our calculations we used nine configurations tabulated in Table 3 . Heat flux is applied from the bottom wall of the heat sink is represent by q the inlet temperature of the fluid is 288.15 K. The inlet velocity of the fluid is determined according to the inlet Reynolds number (Re).
In our calculations we assumed that the viscosity of water is a function of the temperature and used the Equation (1) as mentioned by Kestin et al. [12] . 
The thermophysical properties of copper and of the fluid at the inlet of the micro-channel are tabulated 4. 
Numerical Approach and Assumptions
In the numerical modelling a conjugated heat transfer problem is solved. The flow is 3D, laminar, steady and incompressible. The governing equations are conservation of mass, momentum, and energy that are given in Equations (2), (3) and (4), respectively.
In Eq. (2) u, v and w are velocity components in x-y and z-directions, respectively and pressure is denoted by p. The density ρf and thermal conductivity kf of water is assumed to be constant (see Table 4 ) and the dynamic viscosity of water μ at inlet condition is taken 10 -3 kg/ms. In Eq.(3) cp is the specific heat and T and Ts stand for temperatures of fluid and solid, respectively. The boundary conditions are specified as follows:
1. No slip conditions on the walls, 2. Uniform velocity profile at the inlet of the micro-channel, 3. Pressure outlet conditions at the outlet of the micro-channel, 4. All walls are insulated except the bottom wall on which a constant heat flux applied. 5. Uniform fluid's temperature (288.15 K) at the inlet of the micro-channel, 6. Conjugated heat transfer is solved.
The inlet velocity is determined based on the Reynolds number where a hydraulic diameter is defined as characteristic length. The calculations are carried out with SIMPLEC algorithm in ANSYS-Fluent flow solver. The iterations are continued until the residuals of velocity, continuity and energy converged to 10 -6 , 10 -5 and 10 -7 , respectively.
Results
The numerical results are obtained from configurations given in Table 3 where the hydraulic diameter is the same for all cases that is calculated from the benchmark case with the dimension in Table 2 . The numerical results are evaluated according to Nusselt number variation in streamwise direction that is obtained from various aspect ratios, inlet Reynolds numbers and bottom heat fluxes. The local heat transfer coefficient of the micro-channel and local Nusselt number are defined in Equations (5) and (6), respectively. In Eq. (5) Ab stands for bottom heating area of the heat sink substrate and Tw(y) in Eq. (7) and Tf(y) in Eq. (8) are the local wall temperatures and local bulk fluid temperature along flow direction, respectively [8] .
Effect of Aspect Ratio
While examining the effect of the aspect ratio α, the heat flux at the bottom of the substrate is taken 100 W/cm 2 and inlet Reynolds number is 890. Figure (4a ) demonstrates the effect of α for the first three cases. The highest local Nusselt number can be obtained for the case of square cross-sectional area compared to other two cases. On the other hand, among this three cases highest pressure drop achieve for α=2 as tabulated in Table 5 . Based on this remarkable argument about heat transfer enhancement other remaining six cases α is taken 1.
Effect of Reynolds Number
While examining the effect of the inlet Re, the heat flux at the bottom of the substrate is taken 100 W/cm 2 and α is taken 1. As Figure (4b) shows local Nu variation among this three cases (4-5-6) obtained. However, despite the heat transfer enhancement at Re=800, the highest pressure drop is encountered in this case. This can be explained that for the cases Re=800 higher mass flow rate is pumped into the micro-channel which causes higher friction loses in connection with pressure drop. As a results for this investigation the remaining analyses are done for Re=800. 
Effect of Heat Flux
If three heat fluxes are applied at the bottom of the substrate, the local Nu number is not affected whereas the pressure drop is decreased with increasing heat flux as a result of decreasing dynamic viscosity with temperature in Eq.
(1) as shown in Figure ( 4c). Figure 5 shows temperature contours in flow direction on 2-D slices extracted along microchannel. The temperature distribution for the conjugate heat transfer problem is not considerably affected by the aspect ratio since the heat fluxes at the bottom of substrate and the inlet Re are the same as shown in Figure (5a) . If the effect of the inlet Re is investigated for the same α and heat flux, it can be seen that the conjugated heat transfer near the outlet of micro-channel is better at the higher Reynolds number and heat is conducted to the fluid more effectively so that a uniform temperature distribution can be achieved as given in Figure ( 
Conclusion
In this numerical study, a conjugated heat transfer in micro-channel heat sinks is modelled numerically under laminar flow conditions considering the viscosity of the fluid as a function of temperature. The effects of the micro-channel's aspect ratio, inlet Re and bottom heat flux on the variation of local Nu and pressure drop are investigated independently. It is found that the inlet Re has a more dominant effect than the other parameters in terms of heat transfer enhancement under the same conditions. Future works can include investigation of micro-channels with different geometrical shapes such as trapezoidal or triangular cross-sections and optimization of both heat transfer and the pumping power requirement. Furthermore, influence of the channel number on the thermal resistance and pressure drop under the same conditions can be investigated and optimized.
